In addition to RB1 gene mutations, retinoblastomas frequently show gains of 1q and 6p and losses of 16q. To identify suppressor genes on 16q, we analyzed 22 short tandem repeat loci in 58 patients with known RB1 mutations. A subset of tumors was also investigated by conventional and matrix comparative genomic hybridization. In 40 of 58 (69%) tumors, we found no loss of heterozygosity (LOH) at any 16q marker. LOH was detected in 18 of 58 (31%) tumors, including five with allelic imbalance at some markers. In one tumor LOH was only observed at 16q24. As the parental origin of allele loss was unbiased, an imprinted locus is unlikely to be involved. Analysis of gene expression by microarray hybridization and quantitative RT real-time PCR did not identify a candidate suppressor in 16q24. Cadherin 13 (CDH13), CBFA2T3, and WFDC1, which are candidate suppressors in other tumor entities with 16q24 loss, did not show loss of expression. In addition, mutation and methylation analysis showed no somatic alteration of CDH13. Results in all tumors with chromosome 16 alterations define a single minimal deleted region of 5.7 Mb in the telomeric part of 16q24 with the centromeric boundary defined by retention of heterozygosity for a single nucleotide variant in exon 10 of CDH13 (Mb 82.7). Interestingly, clinical presentation of tumors with and without 16q alterations was distinct. Specifically, almost all retinoblastomas with 16q24 loss showed diffuse intraocular seeding. This suggests that genetic alterations in the minimal deleted region are associated with impaired cell-to-cell adhesion.
Introduction
Retinoblastoma, a rare childhood eye tumor, has served as a model to elucidate the genetic events underlying the development of sporadic and hereditary cancer (reviewed in refs. 1, 2). For initiation of this tumor, mutations in both alleles of the RB1 gene, a tumor suppressor on chromosome 13q14, are required. Retinoblastomas often show gains on chromosomes 1q and 6p and losses of chromosome 16q (summarized in ref. 3) . Therefore, it is reasonable to assume that mutations in additional genes contribute to promotion and progression of this tumor (4) . The minimum regions of genomic gains on 1q and 6p have been defined and this has led to the identification of putative target oncogenes (5-10).
Loss of all or parts of chromosome 16 is observed in 31% of retinoblastomas (51 of 162; summarized in ref. 6) . In most of these tumors, the whole long arm of one homologue is lost (40 of 51, 78%). A survey of comparative genomic hybridization (CGH) analyses has indicated that most partial deletions on chromosome 16q include chromosome band 16q22 (7 of 11, 64%; ref. 3) . To study alterations of this region in further detail, Marchong et al. (6) did LOH analysis of seven microsatellite markers located on 16q21-23.3 (Mb 60.9-81.5, Ensembl v36 8 ) and quantitative multiplex PCR of five sequence-tagged sites in Mb 61.5 to 75.1 (Ensembl v36) and of six exons of the cadherin 11 (CDH11) gene. They found frequent allelic loss at D16S398 (located at Mb 64.7, observed in 11 of 28 tumors, 39%) and at D16S422 (Mb 81.5, observed in 9 of 23 tumors, 39%). Quantitative multiplex PCR showed that sequences located within the CDH11 gene (Mb 63.5-63.7) are most frequently lost (41 of 71 tumors, 58%). The long arm of chromosome 16 is a frequent target of deletions in various cancers. Three candidate regions, one in 16q22.1 and two in 16q24.3, have been identified. In some tumors with 16q22.1 loss, E-cadherin (CDH1) is inactivated by mutations or silenced by epigenetic mechanisms (11, 12) . This provides good evidence for a tumor-suppressor role of CDH1 in these cancers. The tumor suppressors underlying loss in the telomeric candidate regions are not defined yet. Here, we used LOH analysis and microarray expression analysis to identify candidate tumor suppressors on 16q in retinoblastoma. Moreover, we investigated if clinical manifestation is distinct depending on the presence of alterations on 16q.
Materials and Methods
Samples and extraction of DNA and RNA. Tumor and blood samples were obtained from retinoblastoma patients at the time of operative treatment. In addition, blood samples were received from parents of most patients. Tissues were snap frozen in liquid nitrogen. Informed consent was obtained from all patients or their parents. Storage and processing of samples as well as extraction of nucleic acids was done as previously described (10) . Material from 58 patients (54 unilateral and 4 bilateral cases) with known mutations in the RB1 gene was used for the present study.
Microsatellite analysis of markers on chromosome 16. A total of 22 short tandem repeat loci with high polymorphic information content were analyzed ( Fig. 1A ; primer sequences are available on request). Intermarker distances were even (1-2 Mb along 16q) except a gap of 15 Mb between markers D16S3080 and D16S3050 (at 16q12.1 and 16q21, respectively). PCR with labeled forward primers (FAM, PET, or NED fluorescent dyes at the 5 ¶-end, Applied Biosystems, Weiterstadt, Germany) was done in multiplexed assays and analyzed as described (10) . If loss of one allele in the tumor was incomplete, the allele ratio was determined as follows: (PI allele 1 tumor / PI allele 2 tumor) / (PI allele 1 blood / PI allele 2 blood), where PI is the peak integral. To obtain allele ratio values >1, the allele with the larger peak area in the tumor was defined as allele 1 . We used the criteria established in a previous study (13) to categorize the results as follows: LOH for values of allele ratio >2.5; allelic imbalance for 1.3 V allele ratio V 2.5; normal for values of allele ratio < 1.3.
Microarray expression analysis. Synthesis of double-stranded cDNA was done with f2.5 Ag of total RNA and anchored T7-oligo-d(T)21-V primer [5 ¶-GCATTA-GCGGCCGCGAAATTAATACGACTCACTATAGGGA-GA(T)21V-3 ¶, MWG Biotech, Ebersberg, Germany] for first-strand synthesis as previously described (14, 15) . The cDNAs were purified by phenol/ chloroform/isoamyl alcohol/phase lock gel (Eppendorf, Hamburg, Germany) extraction, precipitated, and used to generate biotinylated cRNA by in vitro transcription for 16 h at 37jC (Bioarray High Yield RNA Transcript Labeling kit, Enzo Life Science, Farmingdale, NY). Purification of cRNA was done using RNeasy mini columns (Qiagen, Hilden, Germany). Fragmentation of cRNA, hybridization to HG-U133A oligonucleotide arrays (Affymetrix, Inc., Santa Barbara, CA), washing, staining, and scanning (GeneArray scanner 2500, Agilent, Palo Alto, CA) were done following standard Affymetrix protocols (Technical Manual). Signal intensities and detection calls for further analysis were determined using GeneChip Microarray Suite 5.0 Software (Affymetrix). Scaling across all probe sets of a given array to an average intensity of 1,000 units compensated for variations in the amount and quality of cRNA samples and other experimental variables. Further processing of the signal values and gene information was done with standard spreadsheet software (Excel, Microsoft Corporation).
Quantitative reverse transcription real-time PCR. Reverse transcription (RT) and quantitative real-time PCR were done using Assays on Demand (CDH13 assay ID Hs00169908_m1, Applied Biosystems) as previously described (8) . For relative quantification, the expression of h-actin (Human ACTB Endogenous Control, Part No. 4352935E, Applied Biosystems) was analyzed.
Comparative genomic hybridization. Conventional CGH was done as previously described (16) . CGH results of 16 of the tumors analyzed in this study had been reported previously (16) . Results of matrix CGH from 16 tumors included in this study had been reported (17) . In addition, samples M5715 and M5450 were analyzed by matrix CGH using a submegabase resolution tiling path bacterial artificial chromosome array, comprising the human 32k Re-Array set 9 (22) . Detailed step-by-step protocols are also available online. 10 Further analysis and visualization of matrix CGH data was done using the software package CGHPRO (23) . Data were normalized by subgrid Lowess. No background subtraction was done. Circular Binary Segmentation (24) , in combination with a threshold of F0.2 log 2 ratio, was used for the objective determination of presence and size of chromosomal imbalances.
Results of matrix CGH of these samples are available at Gene Expression Omnibus (GEO submission no. GSE5359).
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CDH13 methylation and mutation analysis. Bisulfite treatment of DNA was done as described (25) . Primers were modified from Toyooka et al. (26) . Primer sequences are available on request. Reactions at 25 AL containing 3 AL bisulfite-treated DNA, 0.2 mmol/L of each deoxynucleotide triphosphate, 2 Amol/L of each primer, 2.5 AL of 10Â PCR buffer, and 1 unit Taq Polymerase (AmpliTaq Gold, Applied Biosystems) were exposed to a thermal profile starting with 95jC for 10 min followed by 35 cycles of 95jC/15 s, 65jC/30 s, and 72jC/15 s, and ending with 72jC for 7 min. Products were separated by agarose gel electrophoresis and visualized with ethidium bromide. Constitutional and M.Sss I in vitro methylated DNAs (NEB, Frankfurt, Germany) were used as positive controls. Primers for PCR and sequencing of all 14 exons of CDH13 (Vega gene ID OTTHUMG-00000072884) were chosen from intronic and untranslated regions using Primer3 software (27) . Primer sequences are available on request. Templates for sequencing were generated by PCR in 25 AL reactions with 80 ng DNA; 10 pmol of each primer (GoTaq Green Mastermix, Promega, Madison, WI); and a thermal profile starting with 95jC/2 min followed by 35 cycles of 95jC/30 s, 51jC/30 s, and 72jC/1 min, and ending with 72jC for 5 min. For sequence reactions, a BigDye Terminator v1.1 kit was used according to the kit protocol. Products were analyzed on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).
Statistical analysis of genetic findings and patient data. The Wilcoxon test (normal approximation) and Significance Analysis of Microarray (SAM, Stanford University, Stanford, CA) were used to identify genes that were consistently differentially expressed between tumors with and without LOH. Detailed data on clinical presentation, treatment, and followup of patients were obtained. We used data warehouse software (Cognos Series 7.1; Cognos, Inc., Ottawa, ON, Canada) to link all clinical and genetic data and to set the stage for data mining, which was done using the tools provided by the software environment. The influence of each aberration on seeding was tested by Fisher's exact test. To study the combined effect of the aberrations on seeding, a proportional odds model was done using the cumulative logit as link function in a logistic regression. Therefore, this variable was sorted in descending order to model the probabilities of diffuse seeding and of at least local seeding. Effect estimates (expressed as odds ratios, OR) >1 denote a higher probability of diffuse seeding and at least local seeding for the studied aberration. Additionally, age was included in the model as covariate. Calculations were done using SAS version 9.1 (SAS Institute, Inc., Cary, NC), and tests were conducted two-sided with a significance level of a = 5%. Statistical evaluation of the findings was also done using JMP 5.1 software (SAS Institute). 
Results
Identification of a minimal deleted region 16q. Forty of 58 (69%) tumors showed no LOH at any informative short tandem repeat marker (Fig. 1A) . Results of conventional CGH (16) 12 and matrix CGH (17) were available from 34 and 11 of these tumors, respectively. In all but three tumors, results of microsatellite analysis were accordant with those of CGH. Results were discordant in tumor M24733, which showed losses at all 16q probes in matrix CGH but had normal copy number in conventional CGH and no allele loss in microsatellite analysis, and in tumors M22136 and M23818, which showed loss of 16q in conventional CGH but not in microsatellite analysis. However, for both M22136 and M23818, signal losses observed in conventional CGH were just below the threshold, which was set at 80% of the mean fluorescent signal intensity. Also, it is to be noted that microsatellite analysis of tumor M23818 showed allelic imbalance at one marker D16S398 (Fig. 1A, blue square) . Threshold values for classification by microsatellite analysis, conventional CGH, and matrix CGH are similar but not identical. As a consequence, classification of samples with low-level changes may come to different results. The different classification of tumors M24733, M22136, and M23818 suggests that the sensitivity of microsatellite analysis to detect low-level copy number imbalances is lower than that of matrix CGH and conventional CGH.
Microsatellite analysis detected LOH in 18 of 58 (31%) tumors (Fig. 1B) . In five of these tumors (M6301, M19484, M5715, M22641, and M22731), some markers on 16q had LOH, whereas other markers showed reduced but not missing signals of one of the alleles (allelic imbalance). In conventional CGH, three of the tumors with LOH and allelic imbalance (M6301, M19484, and M5715) showed losses along the entire long arm. In matrix CGH, tumor M5715 showed gains in a small region on 16q (Mb 69.44-69.75; Fig. 1C ). In this tumor, the two informative markers next to this region have allele loss (D16S3067 at 67.6 Mb and D16S3118 at 74.8 Mb), whereas all other informative 16q loci in this tumor had allelic imbalance. The remaining two of the five tumors with LOH and allelic imbalance also revealed complex changes in matrix CGH that were not detected by conventional CGH (Fig. 1C) . For example, in tumor M22641, markers from 16q11.2 to 16q22.1 had allelic imbalance, whereas all informative markers toward the telomere showed clean loss of one allele. The matrix CGH results of this tumor showed gains in the region with allelic imbalance and losses in the proximal part of the region with LOH (Fig. 1C) . Retinoblastomas with LOH are diagnosed significantly later than tumors with no LOH on 16q (Wilcoxon P < 0.001). 12 In preparation.
In two tumors, M5450 and M24794, LOH was detected only at markers in telomeric parts of 16q. In conventional CGH, both tumors had no copy number changes on chromosome 16, whereas in matrix CGH, both tumors showed DNA losses (Fig. 1C) . Notably, tumor M24794 had losses only in a part of the region with LOH. This suggests that LOH in the other regions is due to isodisomy. Results of microsatellite analysis in all tumors with chromosome 16 alterations are in line with a single minimal deleted region. The boundary of this minimal deleted region toward the centromere is defined by retention of heterozygosity at D16S422 (Mb 81.5) in tumor M24794. All tumors with LOH showed alterations in the region of D16S3026 (Mb 88), which is the short tandem repeat polymorphism with the most distal location known on this chromosome. The parental origin of allele loss on 16q was determined by genotyping of parental blood DNA in 15 patients. Tumors from nine patients showed loss of alleles of paternal origin; in six tumors, the alleles of maternal origin were lost (Fig. 1B) .
RNA expression data. Microarray expression data were available from 12 retinoblastomas, eight without LOH at any informative marker on 16q and four with LOH, including M22641 with a mixed pattern of alterations (GEO submission no. GSE5222). SAM was done to identify genes that, regardless of the absolute RNA expression level, are consistently differentially expressed between tumors with and without LOH. Of the top 20 genes with differential expression, 13 are located on 16q. These include three genes that are located in the minimal deleted region: MBTPS1 (membrane-bound transcription factor protease, site 1), which belongs to the sutiliase (subtilisin-like serine proteases) family, and two genes that code for zinc finger proteins, ZCCHC14 and ZDHHC7. To the best of our knowledge, these three genes and the remaining 10 that are located elsewhere on chromosome 16q have no known role in tumorigenesis.
According to Ensembl (v36), the minimal deleted region on 16q identified here contains 104 genes. Sixty-four of these genes are represented by probe sets on the Affymetrix chip Hu133A that we used for microarray expression analysis. Of these, 14 genes were not expressed in any tumor analyzed here, and 26 genes showed no significant difference in expression between tumors with and without LOH on 16q. Specifically, we found no significant difference in expression for CBFA2T3, a candidate suppressor gene in breast cancer (28, 29) , and for WFDC1, which shows allele loss in liver cancer (30) and is down-regulated in prostate cancer (31) . Eighteen genes had significant lower expression in tumors with LOH (Wilcoxon rank sum test) but none of these genes were completely shutdown in any tumor (Table 1) .
CDH13, a putative tumor-suppressor gene in several cancer types (32) (33) (34) , is located in the minimal deleted region identified here but did not show detectable expression levels on our array. We used quantitative RT real-time PCR to measure CDH13 transcripts because this method can detect lower levels of expression compared with array hybridization. We used h-actin (ACTB) as a control because this gene was expressed at high levels in normal retina and in all retinoblastoma samples tested by microarray analysis (lower, median, and upper quartile of signal values are 32,470; 37,880; and 46,601, respectively). We found expression of CDH13 in 21 of 22 retinoblastomas tested and in RNA from normal retina (Human Retina Total RNA, BD Biosciences Clontech). Expression levels varied between tumors; however, there was no correlation with the LOH status on 16q.
According to matrix CGH data, which were available from 18 tumors, three tumors had DNA gains (M22641, M5450, and M5715) in a minimal region that ranged from Mb 69.44 to 69.75 (Fig. 1C) . This region contains three genes: HYDIN, JGI-931, and HYDNI.1. Only the first of these genes is represented by a probe set on the Affymetrix array (accession no. 220098_at). We found no expression of this gene in any retinoblastoma including tumor M22641 that showed gains in matrix CGH.
Results of CDH13 methylation and sequencing analysis. The methylation status of the CDH13 promoter region was tested in 17 tumors. All samples were found to be unmethylated ( Table 2) . Sequencing of the 14 exons of CDH13 in 19 tumors and normal controls showed a few rare single nucleotide variants [homozygous: c335T>A (V112D) tumor M1727, c1038G>A (T346T) tumor M22590, c1953C>G (N651K) tumor M6302; heterozygous: c1416C>T (N472N) tumor M24794, c1731G>A (D577D) tumor M1324]. Sequence analysis of corresponding DNA from blood showed heterozygosity for all variant alleles and, therefore, none of these alterations is a somatic mutation. It is to be noted that retention of heterozygosity in tumor M24794 helps to define the centromeric boundary of the minimal deleted region at Mb 82.7 (CDH13, exon 10).
Correlation of 16q alterations to RB1 mutations and to clinical variables. We found no significant association between the presence of 16q LOH and the origin of the causative mutation in the RB1 gene [15 of 44 (34%) and 3 of 13 (23%) patients with somatic and germ-line mutations, respectively, P = 0.52, Fisher's exact test two-tailed; Table 2 ]. Tumors with 16q loss had a higher frequency of RB1 LOH [16 of 43 (37%) compared with 2 of 15 (13%), without RB1 LOH] but this did not reach statistical significance (P = 0.11). Interestingly, the distribution of patient's age at diagnosis was different depending on the chromosome 16q status in that tumors with LOH on 16q were diagnosed significantly later (median age at diagnosis 33 months) compared with retinoblastomas without LOH (median age at diagnosis 11 months, Wilcoxon P < 0.001; Fig. 2) . Previously, we found that age at diagnosis is distinct depending on the presence of gains on 1q and 6p (8, 10) . Analyzing the age distribution of the tumors studied here, we found No  10  1  8  3  8  3  Local  6  0  3  3  3  3  Diffuse  8  12  5  15  5  15 Fisher's exact test P = 0.002 P = 0.03 P = 0.03 that tumors without gains on 1q are diagnosed at a median age of 10 months ( first and third quartiles 4 and 14 months, respectively) and tumors without gains on 6p at an age of 10 months ( first and third quartiles 4 and 15 months, respectively; Table 2 ). Tumors with gains on 1q or 6p are diagnosed at a median age of 25 months ( first and third quartiles 15 and 33 months and 14 and 34 months, respectively). We found no significant association between the presence of LOH on 16q and partially or completely differentiated histology, tumor necrosis, or tumor calcification (data not shown). Some patients with retinoblastoma show tumor cells floating within the vitreous cavity (vitreous seeding). The presence of vitreous seeding was ascertained by indirect ophthalmoscopy at the first presentation of the patient. Eyes with local seeding show few tumor cells in the vitreous that are confined to the immediate vicinity of the bulk tumor. Diffuse seeding is diagnosed if tumor cells are scattered in the vitreous cavity. We analyzed if vitreous seeding is associated with the presence of genetic alterations on 16q, 1q, and 6p. For each aberration, there was a shift to the higher categories, i.e., local and diffuse seeding (Table 3) . In all cases, Fisher's exact test rejected the hypothesis of independence between the aberration and seeding. The highest shift was observed for LOH 16q (P = 0.002). A similar result was obtained when applying the proportional odds model (Table 4) . Again, LOH 16q showed the highest effect on seeding with an OR of 14.3 [95% confidence interval (95% CI), 1.60-127.8]. The wide range of the 95% CI is due to the small number of patients. In contrast, gain 1q and gain 6p showed no influence on seeding in the combined analysis (OR, 1.53; 95% CI, 0.27-8.65 and OR, 3.09, 95% CI, 0.56-17.0, respectively). These results changed only slightly when age was included in the model as continuous covariate (Table 4) . The OR of LOH 16q increased to 23.3 with a larger 95% CI (1.05-519), whereas the results of gain 1q and 6p did not show major changes (OR, 1.98; 95% CI, 0.31-12.5 and OR, 3.48; 95% CI, 0.59-20.6). Age had no significant effect on seeding (OR, 0.67; 95% CI, 0.23-1.92). Similar results were obtained with other age transformations like logarithm or classification of age in groups (data not shown).
Discussion
Our results define a minimal deleted region on 16q that extends from Mb 82.7 to the telomere of this chromosome arm. This particular region has also been identified as a candidate location of one or more tumor suppressor genes in other tumor entities, namely gallbladder carcinoma (35) , lung cancer (36), prostate cancer (31), ovarian cancer (32) , and, most notably, breast cancer (37) and hepatocellular cancer (38) . Copy number analyses have shown that most tumors with 16q alterations have a physical deletion of this region (39) , and this is also true for most of our samples with allele loss. However, we identified some retinoblastomas with LOH (M22641 and M24794) or allelic imbalance (M22731) at markers located in the minimal deleted region that showed no copy number changes (isodisomy). Isodisomy at 16q, which was also reported in some breast cancer samples (40) , suggests a classic two-step mutation inactivation of putative tumor-suppressor genes in this region (41) . Taking into account that 16q was implicated in parent-of-origin effects (42) , an alternative explanation might be that loss of the active copy of an imprinted gene in this region contributes to tumor progression. However, we could show that the parental origin of 16q losses is not limited to only one sex and, therefore, our data do not support the observation that loss of the active allele of an imprinted locus in this region plays a role in the progression of retinoblastoma. A two-step inactivation of a tumor suppressor may result in loss of gene expression. By analysis of microarray expression data, we found that 18 of 64 genes located in the retinoblastoma minimal deleted region and represented on the microarray show lower median expression in tumors with LOH at 16q. However, none of these genes showed loss of expression in any sample.
Lung cancer is a second tumor in patients with hereditary retinoblastoma (43) . This indicates that this tumor may develop along similar mutational pathways. The CDH13 gene, which is located in the retinoblastoma minimal deleted region defined here, is a candidate suppressor in lung cancer (33) . Using quantitative RT real-time PCR, we found that RNA levels of this gene are variable but show no correlation with allele loss in the minimal deleted region. Moreover, Marchong et al. (6) previously showed that there is no differential expression of CDH13 between retina and retinoblastoma. To find out if a mutant form of CDH13 is expressed in retinoblastoma, we sequenced the coding region in 19 retinoblastomas but identified no somatic mutation. Therefore, it is unlikely that inactivation of CDH13 is the target of 16q loss in retinoblastoma.
All retinoblastoma samples analyzed in our study are either homozygous or compound heterozygous for mutations at the RB1 locus (44-46), 13 which is to be expected if inactivation of the RB1 gene initiates the development of retinoblastoma. In addition, this indicates that the tumor cell content of the samples used for DNA preparation is high. Most retinoblastomas with LOH on 16q showed almost complete loss of one allele at every informative marker on this chromosome arm. Interestingly, 3 of 18 tumors showed allelic imbalance at several adjacent informative markers on 16q. According to matrix CGH, the genetic changes in these particular tumors are complex (Fig. 1C) . Specifically, matrix CGH shows that allelic imbalance can correspond to copy number gains (tumor M22641), losses (tumor M5715), or may go without detectable changes (M22731). It is understandable that allelic imbalance is observed if there are relative gains of one chromosome homologue. It is less obvious why tumors M5715 and M22731 show allelic (37, 48) . Therefore, it is plausible that growth of retinoblastoma is enhanced by loss of a second region on 16q. Marchong et al. identified genomic loss of chromosome 16q22 in retinoblastoma with the highest frequency of genomic loss (22 of 41 samples, 54%) for a sequence-tagged site located in the CDH11 gene (Mb 63.5). Interestingly, using immunoblot analyzes, Marchong et al. have shown loss or decrease of intact CDH11 and expression of a variant form in many retinoblastomas. In our study, the proportion of tumors with allelic imbalance or loss at markers in the region of the CDH11 gene is also high [D16S3080 and D16S3050 with LOH in 15 of 29 (52%) and 14 of 31 (45%) samples, respectively]. At the RNA level, we found lower expression of CDH11 in tumors compared with normal retina but no tumor showed loss of expression. Further studies are needed to determine if mutation of CDH11 contributes to progression of retinoblastoma (6).
Marchong et al. (6) found a second hotspot of alteration at D16S422 (16q23), the most distal marker that was analyzed in this study. Nine of 23 (39%) samples showed LOH, a proportion that compares well with our findings for the identical marker (11 of 35, 31%). In our study, all tumors with LOH at D16S422 also had LOH at further distal markers (16q24). Moreover, one tumor without LOH at D16S422 showed LOH in 16q24 (M24794). It would be interesting to test the tumor samples investigated by Marchong et al. for LOH at 16q24 markers.
In previous analyses, we found that distribution of age at diagnosis of unilateral retinoblastoma varies with the presence of genomic alterations (8, 10) . Here, we found that tumors with LOH on 16q are diagnosed later than tumors without LOH. To account for the correlation of genomic alterations and age at diagnosis, it has been suggested that distinct mutational pathways can result in the development of a retinoblastoma after mutational inactivation of the RB1 locus (8, 10, 16) . Probably, depending on the mutational path taken, different time periods pass until a tumor focus with mutations in both RB1 alleles reaches the size that allows a clinical diagnosis to be made. It is remarkable that the age distribution is not distinct between tumors with LOH only at some 16q loci (M5715, M22641, M22731, M5450, and M24794) and tumors with LOH at all informative 16q loci. This suggests that the minimal deleted region on 16q24 contains the target that is critical for the difference in biological behavior. An alternative explanation is that progression of retinoblastoma might be characterized by a stepwise accumulation of genetic changes (4). Our data support such a model in two ways. First, co-occurrence of genetic alterations is not random. Forty-five of 53 tumors show one of only four combinations of genetic alterations: Fifteen tumors have no alteration; 6 tumors show 6p gains only; 12 tumors have gains at both 6p and 1q; and 12 tumors show alterations at all three genomic regions. Second, median age at diagnosis is increasing with the number of genetic alterations: 8, 16, 17, and 35 months for tumors with no alterations, 6p gains only, gains at 6p and 1q, and alterations at all three regions, respectively. This also suggests an order of genetic events with 6p gains occurring first, followed by 1q gains and, finally, 16q LOH. However, data from more retinoblastomas are needed to test this model.
We found that the presence of 16q alterations is strongly associated with diffuse vitreous seeding, which reflects the ability of retinoblastoma cells to detach from the bulk tumor and proliferate into small cell clusters. Loss of cell-to-cell contacts and single cell invasion of the surround has been seen in tumors such as diffuse-type gastric cancer, which is associated with mutations in E-cadherin, CDH1 (12, 49) . It is understandable that tumors with E-cadherin loss show a diffuse growth pattern because cadherin genes code for cell adhesion molecules that mediate cell-to-cell adhesion. CDH1 and several other cadherin genes are located on 16q. The presence of diffuse vitreous seeding in tumor M24794, which has no copy number changes on 16q outside of the minimal deleted region, suggests that alteration of this part of 16q only is associated with diffuse vitreous seeding. A cadherin gene, CDH13, is located in this region but shows neither differential expression (6) nor mutations (this study) in retinoblastoma. Further studies are needed to determine if other protein coding genes in the minimal deleted region have acquired mutations and to find out if these alterations explain association with vitreous seeding. Alternatively, loss in 16q24 may not target a protein coding gene but a micro-RNA (miRNA). Progression of some cancers is accompanied by alterations in miRNA genes, including gene loss (reviewed in ref. 50 ). However, as of now, no miRNA gene is mapped to 16q24 (Ensembl v40). From a clinical point of view, diffuse vitreous seeding is important because its presence has a grave effect on therapeutic decisions in patients with retinoblastoma. The strong association to loss of a region on 16q24 identified here will help to identify the mechanisms that underlie this adverse tumor growth pattern.
